Gradient 
Introduction
Solid oxide fuel cell (SOFC) is a green energy that can convert chemical energy directly to electrical energy. Reducing the operating temperature of SOFC can reduce the cost, thermal stresses and increase the system stability of SOFC. Ni-Ce 0.8 Sm 0.2 O 1.9 (Ni-SDC) cermet anode is a good candidate for intermediate temperature solid oxide fuel cells (IT-SOFC) operated at 600 -800 o C [1] [2] [3] . SOFC with a single layer anode shows a high degradation which can be ascribed to thermal expansion mismatch between anode and electrolyte and the agglomeration of Ni particles [3, 4] . Chen et al [5] investigated the Ni-SDC anode with yttria-stabled zirconia (YSZ) electrolyte and found that cracks were induced by the shrinkage mismatch between Ni-SDC and YSZ during the co-sintering stage and gradually disappear with increasing precalcination temperature. Xie et al [6] studied a porous Ni-YSZ substrate, a porous Ni-SDC anode and a dense SDC electrolyte fabricated by tapecasting, screen printing and co-firing techniques. The results indicated the multilayered structure had adequate mechanical strength and sufficient interface adhesion. Cheng et al [7] investigated gradient Ni-SDC anode with gradient Ni composition distribution and found that the gradient Ni-SDC anode had fine pore and grain structure and steady thermal expansion coefficients than the anode with homogeneous Ni composition distribution.
Tape casting is a cost-effective colloidal forming technique for producing thin, flat and large area ceramic plates of usually 10 -1000 μm thickness. However, it has disadvantage such as low mechanical strength [8] [9] [10] . In this study, gradient Ni-SDC anode and anodesupported SDC electrolyte were fabricated by tape casting method with laminating and cosintering process. The technological conditions of tape casting, laminating and co-sintering of gradient Ni-SDC anode with high mechanical and electric performance were optimized.
Experimental
Sample preparation. Commercial powders of NiO (A.R., Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), carbon black (A.R., Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and self-made SDC were used as raw materials. SDC powder was synthesized at 650 o C by spray pyrolysis technique [11] . The raw materials (55.0 wt.%) were firstly mixed and ball milled in solvent (distilled water, 34.0 wt.%) with 2.0 wt.% dispersant (TEA, A.R., Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) for 24 h. Secondly, 9.0 wt.% of binder (PVA, A.R., Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and plasticizer (glycerol, A.R., Tianjin Kermel Chemical Reagent Co., Ltd, Tianjin, China) were added to the slurry to ball milled for another 24 h. Prior to tape casting, slurries were sieved and vacuum pumped to remove air. Tape casting was performed on a tape casting machine (LYJ-150, Beijing Orient Sun-Tec Co. Ltd., China). After dried at 25 o C for 24 h, the green tape was detached.
Two types of samples as sample A and B were prepared. Sample A was composed of anode substrate (NiO : SDC weight ratio 60 : 40, abbreviated as 60Ni-SDC) and thin-film SDC electrolyte. Sample B was designed to add an anode interlayer (NiO : SDC weight ratio 40 : 60, abbreviated as 40Ni-SDC) between 60Ni-SDC anode substrate and SDC electrolyte to form a gradient Ni-SDC anode. Anode substrate was fabricated by laminating 20 sheets of anode tape with a thickness of 80 μm. After laminating the tapes, samples were warm pressed at 40 MPa and 90 o C for 30 min. After laminating, warm pressing and binder burning-out, samples were co-sintered in the range of 1200 -1350 o C in air for 3 h. To avoid the warpage problem, which generally occurs in the co-sintering process, samples were fired in a sandwich structure consisting of two porous zirconia plates. After co-sintering, samples were reduced by H 2 at 800 o C for 1 h in tubular furnace.
Characterization
DTA-TG was performed on the laminated green tape of NiO-SDC gradient anode with SDC electrolyte by a synchronous thermal analyzer (STA449c/3/G, NETZSCH, Germany) in order to determine the binder burning-out curve. The open porosity of Ni-SDC cermets and SDC ceramic was measured by the Archimedes method, in accordance with China standard No. GB/T 1966-1996. The thermal expansion from room temperature to 900 o C was conducted using rectangular Ni-SDC cermets and SDC ceramic upon heating at a heating rate of 5 o C/min in an Ar atmosphere by a dilatometer (DIL 402 PC, NETZSCH, Germany). Rectangular samples (3 × 3 × 40 mm) for bending strength testing were cut and polished from gradient and non-gradient Ni-SDC anode. The bending strength of samples was tested using MTS Ceramic Test System (MTS810, MTS Co. Ltd., USA) at room temperature. The electrical conductivity of gradient and non-gradient Ni-SDC anode was measured on rectangular samples (3 × 4 × 26 mm) by DC four-probe technique in temperature range from 500 to 800 o C. The microstructure of fracture surface of anode-supported SDC electrolyte sintered at 1300 o C for 3 h was observed by a scanning electron microscope (Model JSM-5610LV, JEOL Ltd., Japan).
Results and Discussion
Optimization of binder burning-out and co-sintering condition Fig. 1 showed the DTA-TG analysis chart of laminated tape in which carbon black was the pore former. From Fig. 1 , it can be seen that the polymer additives, such as dispersant, binder and plasticizer, and carbon black as the pore former were oxidized and decomposed at 200 -600 o C and 1000 -1200 o C, respectively, and were oxidized completely at 1200 o C. The volatilization of water was finished before 180 o C. The carbonization of glycerol and TEA was completed before 400 o C. The carbonization of PVA was completed before 600 o C. The oxidization of carbon black was finished before 1200 o C. And the firing of polymer additives should be carefully and slowly to avoid the cracking of green tapes. So the binder burning-out curve of laminated samples showed in Fig. 2 was determined according to the above analysis. To further optimize the co-sintering temperature, Ni-SDC anode substrate, Ni-SDC anode interlayer, gradient Ni-SDC anode and SDC electrolyte were sintered at 1250, 1300 and 1350 o C for 3 h respectively after binder burning-out. Fig. 3 showed the open porosity of anode and electrolyte as a function of sintering temperature. It can be seen that the temperatures of 1300 and 1350 o C were appropriate to obtain almost dense electrolyte. The open porosity of gradient Ni-SDC anode sintered at 1300 o C was around 36%. Regarding an open porosity of 30% as a criterion for gas transport inside the anode [12] , the open porosity of anode sintered at 1350 o C was too low, which was not suitable for SOFC anode. Therefore, the best co-sintering temperature of 1300 o C was selected. 
Thermal expansion
To improve anode/electrolyte thermal expansion matching, anode interlayer (40Ni-SDC) was introduced. Fig. 4 showed the temperature dependence of thermal expansion rates for anode substrate, anode interlayer, gradient Ni-SDC anode and electrolyte. It can be seen that the thermal expansion rates of anode interlayer and gradient Ni-SDC anode are between anode substrate and SDC electrolyte. The average TEC values were calculated in the temperature range of 100 -900 o C. The SDC electrolyte and gradient Ni-SDC anode showed an average TEC of 12.8 × 10 -6 /K and 15.0 × 10 -6 /K, respectively. The TEC value difference between gradient Ni-SDC anode and SDC electrolyte was within the limits acceptable to thermodynamic compatibility of 15 -20% [13] . Therefore, anode/electrolyte thermal expansion mismatch was reduced by the gradient Ni-SDC anode.
Mechanical strength
The bending strength of gradient and non-gradient Ni-SDC anode was 134 MPa and 150 MPa, respectively, both were good enough to satisfy the requirement of the mechanical properties for anode-supported SOFC [6, 14, 15] . Non-gradient Ni-SDC anode had a little higher bending strength than gradient Ni-SDC anode. This was in the range of error. Fig. 5 showed the electrical conductivity of gradient and non-gradient Ni-SDC anode as a function of temperature. The conductivity decreased with the increase of temperature. This was due to the reason that the oxidation of Ni increased with the increase of temperature and the conductivity of NiO was lower than Ni. The conductivity of non-gradient Ni-SDC anode decreased faster than gradient Ni-SDC anode. At the temperature between 650 and 800 o C, the conductivity of gradient Ni-SDC anode was higher than non-gradient Ni-SDC anode. This indicated that gradient Ni-SDC anode formed a continuous and well developed network and a good contact between particles, which improved the conductivity of anode. 
Electrical conductivity

Conclusions
Gradient Ni-SDC anode with high mechanical and electric performance had been prepared by tape casting method with laminating and co-sintering process. Samples were binder burnt-out from room temperature to 1200 o C and co-sintered in the range of 1200 -1350 o C in air. The best co-sintering temperature of gradient NiO-SDC anode and SDC electrolyte was 1300 o C for 3 h, in which sufficient open porosity of around 36% was obtained. NiO-SDC samples were reduced to Ni-SDC anodes by H 2 at 800 o C for 1 h in tubular furnace. The TEC of gradient Ni-SDC anode had been adjusted close to that of SDC electrolyte, which improve the compatibility of anode and electrolyte. Gradient Ni-SDC anode and non-gradient Ni-SDC anode both had excellent bending strength of 134 MPa and 150 MPa, respectively. The electrical conductivity of gradient Ni-SDC anode was superior to that of non-gradient Ni-SDC anode at 650 -800 o C. The gradient structure was the key to adjust the thermal expansion mismatch between anode and electrolyte.
